that this modified bleaching strategy, in combination yet the mechanism is poorly understood. Many studies with difference imaging, can also reveal the movement on slow axonal transport have focused on tubulin, the of microtubules in axons. Our data indicate that the subunit protein of microtubules, but attempts to obmicrotubules are transported by fast motors. We proserve the movement of this protein in cultured nerve pose that the rapid, infrequent, and asynchronous cells have been largely unsuccessful. Here, we report movement of these cytoskeletal polymers can explain direct observations of the movement of microtubules why their movement was not detected in previous in cultured nerve cells using a modified fluorescence studies. photobleaching strategy combined with difference imaging. The movements are rapid, with average rates of 1 m/s, but they are also infrequent and highly Results and Discussion asynchronous. These observations indicate that microtubules are propelled along axons by fast motors.
To analyze the movement, we recorded time-lapse movies of 54 bleached axons from 22 cells. The duration of the movies ranged from 2.5 to 10 min. The microtubules ranged in length from 1.1 to 5.0 m (average ϭ 2.7 m, n ϭ 71; Figure 4C ), but we cannot exclude the possibility that the tubulin also moved in a punctate form that was too faint to detect with our present approach. Figure 4A shows the motile behavior of six representative microtubules. The microtubules moved rapidly, but the movements were often interrupted by prolonged pauses. The bouts of movement often persisted for many tens of micrometers, and the transitions between the moving and pausing states were often abrupt. The ence is that the microtubules moved more rapidly (aver- 
Microinjection
Rhodamine-labeled bovine brain tubulin was purchased from Cytoskeleton as a lyophilized powder and was reconstituted at a concentration of 10 mg/ml in a buffer composed of 50 mM potassium glutamate and 1 mM MgCl 2 (pH 7.0). The fluorescent tubulin was injected into the cytoplasm of neuronal cell bodies with a 3-axis hydraulic micromanipulator (Narashige) and a pressure injector (Medical Systems Corporation).
Immunofluorescence Microscopy and Detergent Extraction
To determine the proportion of the fluorescent tubulin in polymers, cells were permeabilized with 0.5% saponin in a microtubule-stabilizing buffer composed of 10 M paclitaxel (Molecular Probes), 0.1% DMSO, 60 mM NaPIPES, 25 mM NaHEPES, 10 mM NaEGTA, and 2 mM MgCl 2 (pH 6.9), and the fluorescence intensity was quantified in the axons before and after permeabilization, as described previously [38] . Splayed axonal cytoskeletons were produced by extracting neurons with 1% Triton X-100 and 0.2 M NaCl in microtubule-stabilizing buffer (see above). We have shown previously that these conditions cause the axonal microtubules to splay apart from each other and adhere to the glass coverslip, allowing individual axonal microtubules to be resolved by fluorescence microscopy [26]. The splayed microtubules were fixed with a mixture of 4% formaldehyde and 0.5% glutaraldehyde and were processed for immunofluorescence microscopy by using a monoclonal antibody specific for ␤-tubulin (Amersham Pharmacia) as described previously [26]. 
